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SIGNAL PROCESSING MEANS 



This invention relates to signal processing apparatus of the kind in which an input signal is 
subject to both amplification and frequency conversion; and especially relates to radio 
telecommunications apparatus in which a voice signal is subject to amplification and 
frequency conversion either in a reception process or transmission process. 



The emerging GSM-EDGE and UMTS standards for mobile telecommunications place an 
increasingly stringent requirement on the linearity of handsets, particularly given their 
proposed wider channel bandwidths. In order to realise a power-efficient handset design, 
some form of linearisation will be required in the handset transmitter which should be (i) 
low-power itself; (ii) capable of broadband linearisation (up to SMHz for UMTSAJLTRA; 
(iii) frequency flexible, and preferably multi-band; and (iv) capable of achieving and 
maintaining high-levels of linearity improvement with highly-non-linear power amplifiers 
(e.g. class-C). 



This increasing dynamic range requirement, also has an effect on the RF front-end systems 
of both handsets and base stations. In the case of handsets, the use of software radio 
techniques, with the requirement for adaption between many different channel and system 
bandwidths over a wide range of operating frequencies, leads to a desire to remove RF 
front-end filtering. The alternative solution of switchable or tuneable filters either results 
in poor filter performance or an unrealistic number of separate filters."" Without a front-end 
filter, a wide range of signals, both very strong and very weak, can enter the receiver. 
These must be processed (i.e. amplified and down converted) without undue distortion that 
might produce unwanted intermodulation products on the wanted channel that mask the 
wanted signal. Thus, a front-end with a good noise figure and a high intercept point is 
required. 



In the case of base-station systems, these are typically designed for a single frequency band, 
but are required to operate in a harsh radio environment, with the transmitters from other, 
unrelated systems being sited close by (often on the same mast). This results in large 
unwanted signals impinging upon the receiver system, which signals have been removed 
using large and expensive filtering. 

The invention is also applicable to adaptive antenna systems. Such systems are currently 
implemented using RF gain and phase-shifting components (often in a "Butler Matrix" 
configuration) and this arrangement requires these components to operate at high power 
levels and is therefore less than optimum in performance. A new and better method of 
implementing the gain and phase shifting elements involves the processing of all signals 
from a base-station (in a composite multi-carrier form) at baseband. The gain and phase 
controls can then be implemented easily (e.g. in a digital signal processor DSP) and this 
will become increasingly attractive as DSP technology improves. However, to be 
successful, there is a requirement for very high linearity multi-carrier upconversion and 
power amplification. 

Signal processing apparatus according to the present invention comprises signal 
amplification means and frequency conversion means which operate in succession on an 
input signal, characterised in that linearisation means is provided between the amplification 
means and the frequency conversion means to introduce a correction signal that is adapted 
to make the overall input and output characteristic of the apparatus more linear. 

As applied to the transmitter of mobile telephone handsets, the linearisation means is 
located between the output of the RF frequency upconverter and the input to the RF power 
amplifier, and is adapted to act as a predistorter in relation to the amplifier. A pilot signal 
is used to create intermodulation distortion in the amplifier, which is used as a control 



signal to set the predistorter for optimum linearisation. Preferably, this pilot signal is 
introduced at the input to the upconverter so that it passes with the input signal through 
both the upconverter and amplifier, and thereby serves to control linearisation of the 
apparatus overall. The linearisation means then effectively acts as a postdistorter in 
relation to the upconverter. A similar configuration of linearisation means can be used in 
adaptive antenna systems. 

As applied to the receiver of mobile telephone handsets, the linearisation means is located 
between the output of the RF amplifier and the input of the downconverter, and is adapted 
to act as a predistorter in relation to the down converter, and as a postdistorter in relation to 
the amplifier by virtue of use of a pilot signal that passes with the input signal through both 
the amplifier and downconverter and serves to control setting of the linearisation means for 
overall optimum linearisation. A similar configuration of linearisation means can be used 
in relation to the receiver of a base station. 



According to another aspect, the invention also consists in providing signal processing 
means for altering an input signal to amplification means so as to counter unequal 
intermodulation distortion (IMD) in the output signal and make the amplification means 
more linear. 



Advantageously, the signal processing means comprises non-linearity generating means for 
generating separate orders of non-linear, or harmonic, distortions fipm the input signal, 
wherein filter means and/or time delay means are used in the generation of a distortion of a 
given order, such that the non-linearity means generates a predistortion which tends to 
counter unequal IMD which would otherwise be introduced by the amplification means 
into its output. 
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Some embodiments of the invention will now be described, by way of example only, with 
reference to the accompanying drawings, in which: 

Figure 1 shows a basic configuration of a RF predistortion linearisation scheme; 

Figure 2 shows a quadrature configuration of a RF predistortion linearisation scheme; 

Fieure 3 shows a spectrum resulting from an injected CW pilot (before linearisation of the 
amplifier); 

Fieure 4 shows a CW pilot signal based multi-order vector predistorter; 

Figure 5 shows a CW pilot signal based multi-order vector predistorter employing separate 
quadrature predistorters; 

Figure 6 is a more detailed diagram of the circuit of Figure 5; 



Figure 7 is an alternative version of the circuit shown in Figure 6 utilising a single delay 
line in the main signal path; 



Figure 8 illustrates the incorporation of direct sequence CDMA spreading in a vector 
predistorter; 



Figure 9 illustrates some possible RF power control positions for a polynomial 
postdistorter/predistorter; 

Figure 10 shows a low noise amplifier/mixer cascaded linearisation scheme; 

Figure 11 illustrates the application of pilot signal based control to the circuitry of Figure 
10; 

Figure 12 illustrates a quadrature low noise amplifier/mixer cascaded linearisation scheme; 

Figure 13 illustrates unequal third order intermodulation distortion products arising in a 
two-tone test; and 

Figure 14 illustrates a non-linear element enabling correction of unequal and lower (sum 
and difference) intermodulation distortion products. 

Figure 1 illustrates the basic configuration of a mobile telephone handset transmitter 
comprising an RF upconverter 100 with I and Q inputs to receive the in-phase I and 
quadrature Q components of a quadrature amplitude modulated signal from a voice or data 
signal generator. The upconverter 100 modulates the I and Q signals onto a signal from a 
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local oscillator LO, and an RF power amplifier 102 amplifies the output signal from the 
upconverter and delivers an RF output signal to the handset antenna. 

In order to give the upconversion/RF amplification circuit a more linear characteristic, a 
polynominal predistorter 104 is incorporated in the signal path between the output of the 
upconverter 100 and the input of the amplifier 102. The predistorter 104 generates from 
the input signal, a polynominal predistortion signal which is combined with the input signal 
and fed to the RF amplifier 102, and a sampling coupler 106 in the output of the amplifier 
feeds back a portion of the RF amplifier output to the predistorter 104 to control the 
predistortion signal so as to produce a more linear output. 

The feedback control signal is based on non-linear components in the output signal 
appearing as cross modulation on a pilot signal passing through the amplifier 102 with the 
modulated RF signal. The pilot signal is introduced at the I and Q inputs of the 
upconverter 100 so that it experiences distortion in the upconverter, which can therefore 
also be cancelled by operation of the predistorter 104. Thus, the predistorter 104 also acts 
effectively as a "post-distorter" for the upconverter 100. 

In the embodiment of Figure 1, the predistorter 104 needs to be a quadrature system (as 
will be described below with reference to Figure 4) in order to linearise a non-linear signal 
to a high degree of linearity. 

In the embodiment of Figure 2, a quadrature configuration is adopted for the RF distortion 
linearisation scheme. As can be seen in Figure 2, the predistortion function is brought into 
the upconverter 200 by incorporating a predistorter 204a, 204b, in each of its arms. The 
advantage of this arrangement is that the quadrature generation may be accomplished 
simply by means of a conventional frequency doubler/divider arrangement on the local 
oscillator signal LO, for example, which means that an integrated circuit implementation 
could be broadband and would not require a quadrature hybrid splitter, or the like. In 



contrast, the predistorter of Figure 1 would need to be a quadrature system in order to 
linearise a non-linear amplifier to a high-degree of linearity. The quadrature splitting 
arrangement would have to operate on the modulated carrier and hence could not be a 
doubler/divider arrangement and would prove more difficult to integrate successfully, 
particularly for a broadband system. 

For a pilot signal to be useful in predistorter control, it must create intermodulation 
distortion when passing through the power amplifier to be linearised or it must have the 
modulation and distortion from the "wanted" signals passing through the amplifier 
transferred onto it by "cross-modulation". Cross-modulation is a well known problem, 
caused by receiver non-linearity, resulting in the amplitude modulation present on one, 
usually high level, received signal to be "transferred" as an interfering amplitude 
modulation onto another (weaker) signal. In other words, the pilot signal could contain 
amplitude and phase modulation or it may simply be a CW signal onto which 
cross-modulation can occur. There is clearly a wide range of possible signals which fall 
into this category; some obvious examples are a CW carrier; full-carrier AM; 
suppresed-carrier AM; single-sideband (SSB); QAM; filtered QPSK; frequency-hopped 
carrier modulated with any of the above; and two-tone signals as described below. 

A CW pilot signal is an advantageously simple pilot signal and may be used since the 
amplifier non-linearities will result in cross-modulation of the input signal envelope onto 
the CW signal. Once the predistorter has adapted and the non-linearity has been 
eliminated, this cross-modulation will no longer occur, hence allowing adaption of the 
predistorter to be based on elimination of cross-modulation. 

There is also a large range of possible two-tone pilot signals, the simplest of which is a 
pilot signal comprising two CW tones. This is described in more detail below. 
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Direct-sequence spread-spectnim signals may also be used for the pilot signal. The use of 
one or two spread-spectrum signals has the advantage of spreading the pilot signal energy 
over a wide bandwidth, hence potentially reducing the amount of cancellation of the pilot 
required at the output, in order to meet a given specification (e.g. 75dBc). If these signals 
appear in-band, however, then the required injection level to meet a given control system 
signal-to-noise ratio is much higher, hence potentially removing the benefit of using spread 
signals. In addition, the pilot cancellation process becomes broadband and hence the 
achievable pilot cancellation performance will be limited. 



A frequency-hopped narrowband two-tone signal may also be used as a pilot signal. This 
has an advantage over the use of two CW tones in that it may be placed in-band, with 
hopping providing sampling across a range of relevant frequencies. These could be 
arranged so as not to coincide with the wanted signals passing through the amplifier or 
could be hopped randomly, with any "clashes" being averaged out with the majority of 
"no-clash" hops. 



It is also possible to use multitone and other types of pilot signal. 



The operation of a predistorter using CW pilot-based control such as might be used in a 
handset transmitter will now be described. The basic concept of operation is to obtain a 
measure of the non-linearity present in the upconverter and the amplifier by injecting a CW 
pilot signal along with the wanted input signals, and examining ^he cross-modulation 
components imposed upon it due to the non-linearity present in the amplifier/upconverter. 
A typical spectrum of this approach is shown in Figure 3. The cross-modulation 
components around the CW pilot signal represent all relevant orders of distortion present in 
the amplifier (shown up to 7th order in Figure 3) and hence may be used as a measure of 
each order of distortion individually, assuming that this information can be detected 
individually. 



Since the pilot signal passes through both the non-linear amplifier and upconverter, as the 
predistorter adapts and the overall system linearity is improved, so the cross-modulation 
present on the pilot signal will decrease. This cross-modulation therefore provides a 
measure of the non-linearity presetit in the system. 

An advantage of using a pilot signal is that it is injected at a known frequency and hence it 
may be detected or downconverted using the original pilot signal frequency, or a frequency 
related to this pilot frequency (e.g. the local oscillator used in its generation). Thus, the 
distortion information may be translated to a convenient frequency for detection, 
irrespective of the number or frequencies of the wanted input signals. 

The pilot-tone will not naturally be cancelled by the action of the predistorter and hence it 
must be explicitly cancelled by a separate cancellation loop. With this in mind, it is a 
significant advantage if the pilot signal can be narrow-band, as this allows very high 
degrees of cancellation to be achieved without recourse to extreme gain and phase flatness 
characteristics in the main RF power amplifier which are difficult and expensive to 
achieve. Clearly, a CW signal is the ultimate in narrow-band signals and hence fulfils this 
requirement ideally. 

Although pilot cancellation can be achieved with a cancellation loop, in the case of the 
predistorter/lineariser being embodied in a receiver front-end, the pilot frequency may be 
chosen such that it falls outside of the intermediate frequency IF (or baseband) bandwidth 
facilitating its removal using the IF (or baseband) filtering. No additional components are 
therefore required for pilot removal, thus rendering the pilot-based technique simpler. This 
will be discussed in greater detail below in relation to the embodiments of Figures 10,11 
and 12. 



10 



The predistorter will contain non-linear elements for generating the non-linearities on 
which the predistortion is based. The non-linearities may be created in a number of ways, 
e.g. anti-parallel diodes, an FET channel, dual-gate GaAs FETs operating close to 
pinch-off, Schottky diodes and analogue mixing/multiplication, although it is advantageous 
if the various orders of distortion are generated independently, in order for them to be 
controlled independently. 

One possible mechanism by which these orders of distortion may be generated 
independently is disclosed in our co-pending application GB9804745.9. This application 
also discloses the mechanisms by which even-order baseband components may be 
generated as a by-product of the odd-order non-linearity generation. Briefly, a predistorter 
input signal is mixed with itself the requisite number of times to generate the non-linearity 
of the desired order. For example, the input signal can be mixed with itself to generate a 
second order (square) non-linearity which can be mixed with the input signal once more in 
order to generate a third order (cubic) non-linearity. 

In the case of a receiver, the pilot signal should ideally be placed outside of the IF or 
baseband bandwidth of the receiver system in question, but sufficiently close to the band of 
interest to ensure good correlation between pilot-intermodulation distortion and that of the 
wanted signals. This can most easily be ensured by generation of a pilot at the desired 
frequency offset and then upconverting this pilot using the same local oscillator(s) used for 
the receiver downconversion process(es). *" 

The other desirable feature of the pilot placement is that it should not appear coincident 
with a strong input signal. This could be ensured in a number of ways, depending upon 
the system characteristics. One example would simply be to place the pilot in the' 
guard-band between channels, where it should suffer minimal interference. 
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In the case of a single-channel system (e.g. a handset transmitter), the choice of pilot 
frequency is potentially complex. There are three possibilities for positioning the pilot 
signal. The pilot signal could be located at: 

(a) the band centre. This has the advantages that it is easy to do, easy to 
cancel, and that cancellation does not need to be spectacularly good. However, a small 
amount of the required modulation will be removed from the channel centre and this could 
be a problem with long strings of I's or O's in some digital modulation formats. 
Furthermore, the amplitude of the pilot will need to be quite large as the cross-modulation 
will need to be detected in amongst a large amount of cross-correlation noise. 

(b) a tone above or below channel (but still within the spectral mask). This 
gets around the modulation removal problem, reduces cross-correlation noise but may have 
a higher pilot cancellation requirement and there may be a pilot image problem. 
(However, this may be negligible due to pilot position within the spectral mask) 

(c) a tone well above or below the wanted channel. There is no modulation 
removal problem and no dependence on the specifics of the spectral mask. The pilot 
cancellation requirement is the most stringent and the image cancellation problem is 
considerable. Furthermore, separate pilot and image cancellations may be necessary. 

This latter option is, however, the most "general" location for the pilot signal, since it can 
be fixed based on the widest channel bandwidth for a given system and does not need to be 
changed with each system to be accommodated (e.g. in a flexible architecture or "software" 
radio handset). For example, if the widest channel bandwidth requirement was SMHz (i.e. 
+/- 2.5MHz from the channel centre frequency), then the pilot signal could be placed at. 
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say 3MHz from channel centre and this would be valid for channel bandwidths from a few 
kHz up to the design maximum of 5MHz. 

Removal of the pilot using a separate upconversion mechanism (for the "clean" pilot 
signal) leads to the potential for differences between the injected and cancellation pilots 
and hence the possibility of imperfect pilot cancellation in the output signal. 

Imperfections in the main upconverter will lead to the pilot signal also having an "image" 
signal an equal frequency spacing from the carrier, but on the opposite side. If an identical 
upconverter were used for the cancellation pilot, then the errors would be the same and 
hence an equivalent level of pilot and image would be generated. This would then allow 
ideal cancellation of the pilot and its image to take place (under appropriate automatic 
control). 

If the cancellation pilot is formed by a separate upconversion of the baseband pilot signal, 
the possibility of differential errors between the two upconversion processes is introduced. 
These errors are, however, minimised in the case of an integrated circuit implementation of 
the system since: (1) all of the upconversion mixers in the two upconversion processes can 
be fabricated on the same IC so that the matching between them will be enhanced due to 
the tight matching tolerances inherent in the integrated circuit processes; and (2) the same 
quadrature generation process is used in both cases (i.e. for both upconversion processes) 
and hence quadrature phase errors will be identical between the two and the quadrature 
local oscillator amplitudes should also be identical. This eliminates two of the main 
sources of error between the two processes and hence leaves only (1) above as the main 
source of error. 
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If it is necessary to provide additional cancellation of the image signal, then this can easily 
be arranged by a second **cancellation pilot" which could be formed from a further 
quadrature upconversion process, with the pilot signal now appearing on the "image" 
frequency and control being provided by a second control process. 

In the case of a pilot signal with a high frequency offset from the channel centre (e.g. the 
3MHz mentioned above), it may not be advantageous to include the pilot oscillators within 
the DSP that forms the predistoter. This is because the signal processing overhead 
required would be very large, increasing the speed and power consumption of the DSP 
device and its associated ADC and DAC parts. An alternative mechanism would involve 
external generation of a CW pilot signal (e.g. at 3MHz) and image-reject mixing it with an 
offset tone provided by the DSP at an appropriate audio frequency (e.g. 1 kHz). This would 
generate the offset pilot and both signals could be quadrature split using a number of 
known techniques (e.g. quadrature hybrid, frequency doubling and dividing, all-pass 
filtering etc.). The result of this external pilot generation would be that the DSP would 
only need to operate on audio frequency signals and could be a very low-cost, low-power 
device. In a practical handset, the required algorithms could be executed by the DSP 
already present in the handset for modulation and demodulation of the wanted signal. 
Additional hardware would therefore be restricted to the ADC and DAC converter parts. 



One convenient method of generating an appropriate external pilot signal is dividing down 
of the clock signal for the DSP or microprocessor. 

Figure 4 shows a multi-order vector predistorter with postdistortion linearisation of the 
upconverter and predistortion linearisation of the RF power amplifier chain. Each order 
of the distortion is independently controlled by means of the relevant order of distortion 
from the non-linear generator and this principle can be extended to higher orders of 
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distortion by obvious extensions to this figure, e.g. ninth order nonlinearity generators 
could be included. 

The multi-order vector predistorter of Figure 4 comprises a digital signal processor 400 
which generates a CW pilot signal, v^hich is injected into the I and Q inputs of the 
upconverter (the output of which is provided by adder 410), and a pilot cancellation signal, 
which is injected into the mains signal path via coupler 412 following the non-linear RF 
power amplifier 414. A portion of the upconverter output 410 is extracted at coupler 416 
for use in the predistortion generation process (described below). Another portion of the 
upconverter output 410 passes through the coupler 416 and continues along the main signal 
path through delay line 418 to adder 420 where it is combined with the distortion produced 
by the predistortion circuitry in order to generate a predistorted input signal to the 
non-linear RF power amplifier 414. The delay line 418 compensates the main signal path 
for the delay in the predistortion circuitry. The linearised output of the non-linear RF 
power amplifier 414 then passes through coupler 412 where the pilot signal is removed 
from the main signal path by the injection of a pilot cancellation signal which is controlled 
by the digital signal processor 400. The signal emerging from coupler 412 provides the 
linearised RF output of the circuit. 

The DSP 400 comprises a pilot tone generator 422 which produces I and Q output signals 
and which also supplies the pilot tone to a quadrature signal generator 424. The inphase 
signal from the quadrature generator 424 is supplied to a first mixer 426 and the quadrature 
signal is supplied to a second mixer 428. A signal derived from feedback from the 
linearised RF output is supplied to the other input of each mixer 426 and 428. The 
outputs of these mixers are supplied to integrators 430 and 432 respectively, which 
provides signals that are used to control the pilot cancellation signal. The inphase and 
quadrature pilot signals I_out and Q_out, produced by pilot tone generator 422 are added 
into the signals supplied to the I and Q inputs of the upconverter at 434 and 436 
respectively. The output of adders 434 and 436 are fed to mixers 438 and 440 
respectively. A signal from a local oscillator 442 is supplied to a quadrature generator 
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444 which supplies inphase and quadrature signals to the remaining inputs of mixers 438 
and 440 respectively. The outputs from these mixers are then combined at adder 410 to 
produce the upconverted RF signal. A portion of the upconverted RF signal is tapped 
from the main signal path at 416 to provide an input to the predistortion generating 
circuitry which compensates for the non-linearities of the upconverter and the non-linear 
RF power amplifier 414. 

To generate the pilot cancellation signal, the inphase and quadrature signals produced by 
quadrature generator 444 are supplied to inputs of mixers 446 and 448 respectively. The 
inphase (I_out) and quadrature (Q_out) signals produced by the pilot tone generator 422 of 
the DSP 440 are supplied to the other inputs of the mixers 446 and 448 respectively. The 
outputs of mixers 446 and 448 are then combined at adder 450 to produce an upconverted 
pilot tone signal which is supplied to a delay line 452 which matches the pilot cancellation 
signal with the main signal as delayed by delay line 418. The output from delay line 452 
is manipulated by phase controller 454 and amplitude controller 456 which are controlled, 
respectively, by the output of integrators 432 and 430 of the DSP 400. The resultant 
amplitude and phase controlled upconverted pilot signal is then amplified by low power 
amplifier 458 in order to produce the pilot cancellation signal which is injected into the 
main signal path at coupler 412. As will be appreciated, the DSP 400 monitors the 
feedback from the linearised output to adjust the phase and amplitude of the pilot 
cancellation signal in order to attain the required degree of pilot signal cancellation at the 
output side of the circuit. 

Considering now the predistorter circuitry, the portion of the upconverted signal removed 
at coupler 416 is supplied via splitter 460 to cubic, quintic and seventh order non-linearity 
generators 462, 464 and 466 respectively. Each of these non-linearity generators produces 
a non-linearity of the required order and a non-linearity one order less than the required 
order. For example, the seventh order non-linearity generator produces a seventh order 
non-linearity and a sixth order non-linearity. The non-linearities of the required order 
produced by each of the non-linearity generators 462, 464 and 466. are supplied to 
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quadrature signal generators 468, 470 and 472, respectively. The non-linearities one order 
lower than the required orders are input to mixers 474, 476 and 478, respectively. The 
signals produced by the quadrature signal generators 468, 470 and 472 are then mixed into 
signals supplied by digital signal processor 480. For example, the inphase signal 
produced by the quadrature signal generator 468 operating on the cubic non-linearity 
supplied by the third order non-linearity generator 462 is mixed into a signal from 
integrator 482 of DSP 480 by mixer 484. Similarly, the quadrature signal from quadrature 
signal generator 468 is mixed into the signal from integrator 486 of DSP 480 by mixer 488. 
The outputs from the mixers 484 and 488 are then combined by adder 490. In a similar 
manner, the inphase and quadrature signals produced by each of quadrature signal 
generators 470 and 472 are acted upon by, respective, pairs of mixers 492 and 494, 496 and 
498, DSP integrator signal pairs 500 and 502, 504 and 506, and adders 508 and 510. The 
outputs from the adders 490, 508 and 510, are combined using adder 512, the output of 
which is amplified by RF amplifier 514 which in turn supplies the distortion signal for 
combination with the upconverted signal in the main signal path at adder 420 in order to 
produce the predistorted signal input for the non-linear RF power amplifier 414. 

The distortion necessary to linearise the output of the overall circuit is controlled by the 
signals provided by integrators 482, 486, 500, 502, 504 and 506 in the DSP 480. The 
DSP controls the nature of the distortion in accordance with feedback signals from the RF 
output of the whole circuit. The DSP generates a CW off set pilot tone, at 538. which is 
supplied to quadrature signal generators 513, 516 and 518. Quadrature signal generator 
513 supplies inphase and quadrature signals derived from the offset pilot tone to mixers 
520 and 522, respectively, where they are each separately mixed into a signal from mixer 
478 to produce, respectively, the inputs for integrators 504 and 506. Similarly, the 
inphase and quadrature signals produced by quadrature signal generator 516 are used to 
produce the inputs to integrators 500 and 502 using mixers 524 and. 526 and the output 
from mixer 476. Similarly, the inphase and quadrature signals output by quadrature signal 
generator 518 are used to produce the input signals to integrators 482 and 486 of the DSP 
480 using mixers 528 and 530 in conjunction with the output of mixer 474. 
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A feedback path from the RF output to the predistorter circuitry is provided by way of 
coupler 532 which channels a portion of the RF output signal into filter 534. Filter 534 
removes the linearised main signal and, although not essentially, most of the JMD 
components of the main signal and passes the pilot-tone cross modulation distortion to 
mixer 536. At mixer 536, this residual distortion is mixed with a pilot tone signal 
generated by the IR (image reject) mixer 538 in combining the outputs of the local 
oscillator 442 and the offset pilot tone generator 512 in the DSP 480. The output signal 
from mixer 536 is provided as a feedback signal to the mixers 426 and 428 in DSP 400 
responsible for controlling the pilot cancellation signal. The output from mixer 536 is 
also supplied to inputs of mixers 474, 476 and 478, where it is mixed into the second, 
fourth, and sixth order non-linearities to produce input signals for mixer pairs 520 and 522, 
524 and 526, and 528 and 530, respectively. The signal output by the mixer 536 contains 
information regarding the cross-modulation distortion imposed on the pilot signal by the 
main signal, and the DSP 480 utilises this signal to adjust the predistortion signal to 
suppress the cross-modulation imposed on the injected pilot, and hence the intermodulation 
distortion experienced by the wanted output signals. Thus, a signal originating from the RF 
output as passed by filter 534 and representing any residual distortion in the output, is used 
to adapt both the distortion generated by the predistorter and also the pilot cancellation 
signal. 

An alternative circuit, this time for providing quadrature predistortion in a handset 
transmitter, is shown in Figure 5. Here, the quadrature predistortion function is provided 
by separate predistorters 550. 552, in the quadrature paths of the upconverter. This has the 
significant advantage that the quadrature generation process is provided on a single CW 
signal (the local oscillator) and hence may be performed conveniently over a very broad 
bandwidth using known doubler/divider techniques. This significantly enhances the 
frequency flexibility of the technique. The arrangement shown in Figure 4, on the other 
hand, requires a number of quadrature splitting processes 468, 470, 472, all of which must 
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operate on a band of signals and which cannot, therefore, employ non-linear 
doubler/divider techniques. 

A more detailed version of the CW pilot-signal based multi-order vector predistorter of 
Figure 5, is shov^^n in Figure 6, including the use of an external pilot-tone oscillator (e.g. 
formed by dividing down of a sample of the DSP clock oscillator). 

Note that the quadrature splitter 612 following this oscillator 610 may already be present in 
the TR mixer (depending upon its configuration) and hence only one would be required 
(with appropriate 0 degree signal splitting). 

The quadrature signals derived from the pilot tone generator 610 by quadrature splitter 612 
are combined with the inphase and quadrature inputs to the upconverter stage 614. The 
output from the mixer in the I channel of the upconverter stage 614 is fed to a splitter 616 
which directs a first portion of the signal into a non-linearity generator 618 and a second 
portion of the signal into a delay line 620. The signals from the delay line 620 and the 
non-linearity generator 618 are combined by adder 622 which outputs the resultant signal 
to adder 624 which can be considered to be the final stage of the input signal upconverter. 
Similarly, the output from the mixer in the Q channel of the input signal upconverter stage 
614 is supplied to a splitter 626 which feeds a portion of the received signal to a 
non-linearity generator 628 and a second portion of the received signal to a delay line 630. 
Adder 632 serves to recombine the outputs of delay line 630 and the non-linearity 
generator 628, and feeds a resulting signal to adder 624. It will be apparent that the 
predistortion signal is thus injected into the input signals during the upconversion process. 

The predistorted RF signal from adder 624 provides the input to the RF amplifier 634 to be 
linearised. The pilot signal is then removed from the output by injection of a pilot 
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cancellation signal at coupler 636. It will be apparent that the pilot cancellation signal is 
provided by means of the pilot signal upconverter 638 and the pilot signal cancellation path 
640, under control of DSP 642 as in the embodiment of Figure 4. 

A portion of thie RF output is tapped by coupler 644 and fed into a feedback path 648, 
which involves filtering to remove the main output signal and additional mixing processes 
as described with reference to the embodiment of Figure 4 to provide a feedback signal to 
both the DSP 642 and the correlator 650. This feedback signal contains information 
regarding the cross-modulation distortion imposed on the pilot signal by the main signal, 
and the DSP 652 utilises this signal to adjust the predistortion to suppress the 
cross-modulation imposed on the injected pilot, and hence the intermodulation distortion 
experienced by the wanted output signals. 

The signals 12 to 16 and Q2 to Q6 are even-order baseband outputs from the non-linearity 
generators 618, 628, and are used by the mixers of the correlator 650 to produce the "J" 
and "R" signals (which are audio-frequency tones resulting from the correlation processes) 
and provide inputs to DSP 652 at the points shown. The DSP 652 operates in a manner 
like that of the DSP 480 in Figure 4, and its integrators produce output signals which are 
used to control the non-linearity generators 618 and 628. 

A further alternative is shown in Figure 7 involving only a single delay-line 710 in the 
main signal path in place of the delay lines 620 and 630 used in Figure 6. Since it is likely 
that the majority of the low-power signal processing for this system will be fabricated in an 
integrated circuit, the delays involved will be very small and closely-matched between the I 
and Q paths and hence the delay line could ideally be formed using a short length of track 
on the printed circuit board. 
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It is possible to provide direct-sequence CDMA output signals by generation of appropriate 
signals in I and Q components at baseband. Whilst this approach has many advantages, it 
does have the disadvantage that the DSP processing and digital to analogue conversion 
processes required need to be wideband (2.5MHz each for a 5MHz CDMA channel 
bandv^idth). The alternative, and more conventional, approach involves spreading of the 
upconverted narrowband baseband information prior to RF power amplification. It is 
possible to employ the predistortion technique described herein in this type of system by 
including the modifications shown in Figure 8 to the embodiment of Figure 5. The 
modifications simply involve de-spreading of the feedback signal prior to processing by the 
control circuitry. The de-spreader 810 follows the output sampling coupler, however, it 
could be located at number of points in the downconversion chain (e.g. following the 
downconversion mixer 820). It could even be used to upconvert the reference signals 
coming from the non-linearity outputs (2nd, 4th, 6th orders etc.), with the correlation 
processes then taking place between two spread signals in each case. 

It will be appreciated that in the embodiments discussed above, digital-to-analogue 
conversion takes place prior to the I and Q inputs of the upconverter/amplifier 
combination. Increasingly, however, upconversion is occurring digitally and this has the 
advantage that "perfect" quadrature may be obtained, hence providing a very high degree of 
image rejection in the upconversion process. A single D/A converter can then be used at 
an IF (e.g. 10.7 MHz) providing a composite signal for upconversion by conventional 
means. The postdistortion/predistortion technique described above can also be applied in 
this case, as it will provide linearisation of the D/A converter, upconversion mixer(s), and 
IF amplification and the final RF power amplification. The pilot-tone may either be 
injected digitally in the I and Q signals (after modulation) or after D/A conversion at the EF 
frequency (in which case the D/A conversion process itself will not be linearised). 

Power control can be provided either at baseband in the I and Q signal paths (within the 
DSP processing or externally by analogue means) or at RF or a combination of the two. 
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Only the specifics of RF power control as applied to the predistortion technique described 
herein will be set forth. 



RF power control may be provided at any or all of the positions shown in Figure 9. A key 
feature is that the pilot cancellation signal must be controlled in equal steps with the 
wanted signal steps (or at least sufficiently close such that the variable attenuator range in 
the pilot cancellation signal path is not exceeded). 



In the case of an ideal non-linear amplifier, obeying the usual back-off rules, the power 
control could be provided directly following the upconversion mixers in Figure 9. Many 
power amplifiers, however, do not exhibit the expected reduction in IMD levels with a 
given amount of input (and hence output) power reduction. In this case, some control of 
the level of the composite or individual distortion signals may be required (e.g. in the 
positions shown in Figure 9, or prior to each of the individual order non-linearities). The 
resolution and precision of this control will depend upon the range of the variable gain 
elements (multipliers) following the individual orders of distortion. 

Increasing dynamic range in RF front-end receiver systems is an emerging requirement in 
both handset and base-station systems. In the former case, the use of software radio 
techniques, with the requirement for adaption between many different channel and system 
bandwidths over a wide range of operating frequencies, leads to a desire to remove RF 
front-end filtering. _ 

Without a front-end RF filter, a wide range of signals, both very strong and very weak, can 
enter the receiver. These must be processed (i.e. amplified and downconverted) without 
undue distortion, since otherwise unwanted intermodulation products could be produced on 
the wanted channel which may mask the wanted signal. A pre/post distorter can be used to 



22 

provide receiver systems capable of processing received signals in the absence of front-end 
RF filtering with acceptable levels of distortion. 

Figure 10 shows a block diagram of the basic circuitry for performing linearisation of a 
cascaded low-noise amplifier and a mixer, such as may be used in a mobile 
communications handset. The received radio frequency signal is input to a low-noise 
amplifier 1010. The resulting amplified signal is supplied to distortion generator 1012, 
which supplies a predistorted signal to mixer 1014, optionally by way of radio frequency 
amplifier 1016. The other input to mixer 1014 is supplied by a local oscillator in order to 
perform the necessary downconversion of the signal. The downconverted signal passes 
through a coupler 1018 to IF filter 1020, the output of which provides the IF output of the 
amplifying and do wncon verting circuit. The coupler 1018 returns a portion of the output 
of the do wncon verting mixer 1014 to the distortion generator 1012 as a feedback signal. 
The distortion generator 1012 uses this feedback to adjust the nature of the distortion 
applied in order to maintain the linear nature of the IF output. It will be apparent that 
distortion generator 1012 acts as a postdistorter for the low-noise amplifier (or its earlier 
stages) and as a predistorter for downconverting mixer 1014 and optionally RF amplifier 
1011. 



Figure 11 shows the use of pilot based control applied to the circuitry of Figure 10. 
Circuit elements described with reference to Figure 10 will not be described again in detail 
and will be assigned analogous reference numerals prefixed 11 instead of 10. With 
reference to Figure 1 1, it will be noted that the RF input signal passes through coupler 1 122 
prior to amplification by low-noise amplifier 1110. The purpose of coupler 1122 is to 
inject a pilot signal into the main signal path. Coupler 1118 provides a feedback signal to 
control circuits 1124. The control circuits 1124 assess the degree of cross-modulation 
distortion appearing on the pilot signal in the output from downconverting mixer 1114, and 
adapt the distortion generated at 1112 in order to minimise the residual cross-modulation 
distortion apparent on the pilot signal at the output and hence the IMD experienced by the 
wanted signals. The pilot signal is generated by way of pilot tone generator 1 126, which 
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also supplies a signal to one input of image reject mixer 1 128, the output of which provides 
the injected pilot signal (optionally by way of filter 1130). The second input to image 
reject mixer 1128 is provided by local oscillator 1132 which also supplies the signal used 
by mixer 1114 to downconvert the input RF signal. In the amplifier/downconverter 
circuitry of Figures 10 and 11, the predistorter would need to be a quadrature system in 
order to linearise a non-linear, low-noise amplifier to a high degree of linearity. The 
quadrature splitting arrangement would have to operate on the modulated carrier and hence 
could not be a doubler/divider arrangement and would thus be more difficult to integrate 
successfully, particularly if the system is a broadband system. 

Figure 12 shows an amplifying/downcon verting circuit using a quadrature predistorter 
operating on a quadrature downconverter. The advantage of this arrangement is that the 
quadrature generation may be accomplished simply, by means of a conventional frequency 
doubler/divider arrangement on the local oscillator signal. Therefore, an integrated circuit 
implementation could be broadband and would not require a quadrature hybrid splitter, or 
the like. Circuit elements in Figure 12 which have been carried over from Figure 1 1 will 
not be described in detail and will be prefixed 12 instead of 1 1. The circuit of Figure 12 
has separate I and Q predistorter and downconverter channels. Each channel operates in a 
fashion analogous to the predistorter and downconverting mixer combination shown in 
Figures 10 and 11. The signal produced by low-noise amplifier 1210 is split at 1234 and 
supplied to both channels of the quadrature combined predistorter and downconverter. 
The circuit also comprises a quadrature signal generator 1236 fed by the local oscillator 
1232 and which provides I and Q signals to the I and Q channels, respectively. Circuitry 
components of the I channel are suffixed "i", and those of the Q channel, "q". 

The use of a pilot-tone, e.g. as employed in Figures 1 1 and 12, inserted at the system input 
and monitored at the output of the downconversion mixer, allows the distortion added by 
any part of the LNA/mixer combination to be characterised and eliminated in a controlled 
manner. This pilot tone must be removed prior to entering the demodulation process and 
this may be simply and advantageously achieved by means of the IF or baseband filtering 
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normally employed in the receiver system. Complex pilot cancellation techniques are 
therefore not required (assuming that the pilot is inserted at an appropriate frequency offset 
such that it falls outside of the IF bandwidth), unlike the predistorters operating in 
amplification/upconversion circuits. 

Refinements to the elements of the systems described above which provide for linearisation 
of RF amplifiers will now be discussed. 

Most (but not all) quasi-linear (class A or AB) RF power amplifiers will exhibit a 
well-behaved IMD characteristic at narrow tone spacing values (e.g. a few kHz) and this 
may continue up to a few megahertz or even tens of megahertz in some carefully-designed 
amplifiers. However, if one considers the example of two input tones having the same 
level, the majority of amplifiers will begin to exhibit a varying degree of inequality 
between IMD products of the same order as the spacing of the input tones is increased. 
Figure 13 shows the output of a non-linear amplifier operating on two spaced tones, 
represented in the output spectrum, lines 1310 and 1312, and associated unequal third order 
intermodulation distortion products, 1314 and 1316. 

There are a wide range of reasons why the IMD products are unequal, and these include: 
(1) AM- AM and AM-PM distortions within the amplifying device being applied at 
different phases and hence resulting in a degree of subtraction of one or other product 
(usually accompanied by a degree of addition to the other product); _(2) imperfect power 
supply or bias decoupling resulting in baseband (tone-difference) modulations being 
applied to the signals - this modulation will almost always be partially out-of phase with 
the IMD products, hence causing the partial cancellation/addition outlined above; and (3) 
reflection of unterminated harmonic distortion components from e.g. output combining 
networks causing additional (and again out-of-phase) IMD products to be generated in the 
amplifier output. 
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This inequality in IMD products will be detrimental to the operation of a 
postdistorter/predistorter as described above, in order to overcome this problem, the 
non-linearity generator illustrated in Figure 14 is provided, which generates independent 
polynomial terms for the transfer characteristic which can then be separately adjusted to fit 
the required amplifier transfer characteristic. The difference in this new format is that a 
defined phase-shift vs frequency and/or amplitude variation vs frequency characteristic 
may be introduced in one or both channels of the vector predistortion generation/control 
function. This allows a variable (but defined) IMD inequality vs tone spacing to result 
from a given order of the non-linearity generation function. This can then be arranged to 
match the amplifier characteristic in this respect and hence provide broadband linearisation 
of a rnuch wider variety of RF amplifiers. 

The frequency-variable characteristic referred to above is provided by a passive network 
1410 consisting of filter and/or time-delay elements which mimic the behaviour of the 
amplifier with varying tone-spacing. A simple example is to mimic the behaviour of the 
power supply decoupling circuitry using a similar (or even the same) network, if this is the 
major cause of IMD inequality at given values of tone spacing. This network is inserted 
into the baseband path of one channel of a vector non-linearity e.g. into the low-pass 
filtered, second-order term of the third-order non-linearity at 1410. This network 1410 
introduces a frequency-variable phase-amplitude characteristic which results in the required 
partial addition/cancellation process to achieve an IMD equality. 

The principle may, of course, be extended to any order of IMD and its application to 3rd, 
5th and 7th orders is shown at 1410, 1412 and 1414. The vector modulator-based gain 
and phase adjustment function, also required as part of the predistorter, is incorporated in 
the non-linear generation function itself, rather than being cascaded subsequently as was 
the case for , e.g., the circuit of Figure 4 (at 492 and 494 for the 5th order non-linearity). 
The control lines for this function "3rd - I DC Control" and "3rd - Q DC Control", etc. 
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provide signals from, for example, a DSP monitoring residual cross-modulation products 
appearing at the circuit output in a pilot signal injected prior to amplification and/or 
up/down conversion. The 3rd, 5th, 7th, etc. orders of distortion produced by the portion of 
the circuit shown are combined to produce the amplifier, and/or up/downconverter, 
predistortion applied to the main signal path. 

It is possible to vary the system shown in Figure 14 in a number of ways. For example, 
the quadrature splitting process 1416 may be removed from the input and placed as a part 
of each non-linearity order. This would not increase complexity, since it merely involves 
the replacement of in-phase splitters with quadrature splitters, however, it may well be 
more expensive due to the generally higher cost of quadrature couplers. 

The mixers may also be replaced by various forms of analogue multiplier without altering 
the system functionality and the passive filter/time delay networks need not be the same for 
each order of IMD generation since they may be tailored to suit the observed characteristics 
of each IMD order, for a given amplifier. 
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Claims 

1. Signal processing apparatus comprising signal amplification means and frequency 
conversion means which operate in succession on an input signal, characterised in that 
linearisation means is provided between the amplification means and the frequency 
conversion means to introduce a correction signal that is adapted to make the overall input 
and output characteristic of the apparatus more linear. 

2. Signal processing apparatus according to claim 1, wherein a feedback signal 
derived from the output of the apparatus is used by the linearisation means to adapt the 
correction signal. 

3. Signal processing apparatus according to claim 2, further comprising pilot signal 
generation means for introducing a pilot signal into the input signal prior to frequency 
conversion and amplification, wherein the feedback signal contains distortion components 
from the pilot signal produced by the frequency conversion means and/or the amplification 
means. 



4, Signal processing apparatus according to claim 3, wherein the pilot signal is a CW 
carrier signal, a full carrier AM signal, a suppressed carrier AM signal, a single sideband 
signal, a quadrature amplitude modulated signal, a filtered quadarature phase shift keyed 
signal, a direct sequence spread spectrum signal, or a frequency hopped carrier signal 
modulated with any of the foregoing kinds of signal. ~ 

5. Signal processing apparatus according to claim 3, wherein the pilot signal is a 
two-tone, or multi-tone, pilot signal. 



6. Signal processing apparatus according to any one of claims 3 to 5, wherein the pilot 
signal is removed from the output of the apparatus by a filter or by the introduction of a 
pilot cancellation signal. 



7. Signal processing apparatus according to claim 6, wherein the pilot cancellation 
signal is adjusted using feedback derived from the output of the apparatus. 

8. Signal processing apparatus according to claim 6 or 7, wherein the pilot 
cancellation signal comprises a frequency converted, phase shifted and amplitude adjusted 
version of the pilot signal. 

9. Signal processing apparatus according to any one of claims 6 to 8 wherein a digital 
signal processor is used to control the pilot cancellation signal using feedback from the 
output of the signal processing apparatus. 

10. Signal processing apparatus according to any one of claims 3 to 9, further 
comprising means for cancelling signals which are images of the pilot signal. 

11. Signal processing apparatus according to any preceeding claim, wherein a digital 
signal processor is used to control the correction signal using feedback from the output of 
the signal processing apparatus. 
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12. Signal processing apparatus according to any preceding claim, wherein the 
linearisation means comprises distortion generating means for producing the correction 
signal from the output signal of whichever of the amplifying means or the frequency 
conversion means precedes it. 

13. Signal processing apparatus according to claim 12, wherein the distortion 
generating means comprises non-linearity generating means. 

14. Signal processing apparatus according to claim 13, wherein the non-linearity 
generating means uses anti-parallel diodes, a FET channel, dual gate GaAs FETs operating 
close to pinch-off, Shottky diodes, mixers or multipliers in the non-linearity generating 
process. 

15. Signal processing apparatus according to claim 14, wherein the non-linearity 
generating means comprises means which generates the non-linearity by mixing its input 
signal with itself one or more times to produce the non-linearity. 

16. Signal processing apparatus according to claim 15, wherein the mixing means 
generates a third order non-linearity by mixing the input to the non-linearity generator with 
itself and then with its input. 

17. Signal processing apparatus according to claim 15 or 16, wherein components of 
the non-linearity are generated and controlled separately. 
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18. Signal processing apparatus according to claim 17, wherein in-phase and quadrature 
signals £u-e produced from each separately generated non-linearity component and are 
controlled separately. 

19. Signal processing apparatus according to any preceding claim, wherein the 
frequency conversion means comprises mixing means for mixing a mixing signal into a 
received signal destined to be frequency converted. 

20. Signal processing apparatus according to any preceding claim, wherein the 
frequency conversion means is upconversion means for converting an intermediate 
frequency band signal into a radio frequency band signal. 

21. Signal processing apparatus according to any one of claims 1 to 19, wherein the 
frequency conversion means is downconversion means for converting a radio frequency 
band signal into an intermediate frequency band signal. 

22. Signal processing apparatus according to claim 20 or 21, wherein the frequency 
conversion means comprises in-phase and quadrature signal paths for handling in-phase 
and quadrature signals representing a signal at the intermediate frequency band, wherein 
there is a separate, independently controlled, linearisation means operating on each of these 
signal paths. ~ 

23. Signal processing apparatus according to any preceding claim comprising means for 
performing CDMA processing on the signals. 
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24. A mobile handset or a base station comprising receiving means or transmitting 
means, the receiving means or transmitting means comprising signal processing apparatus 
according to any one of the preceding claims. 

25. Signal processing apparatus substantially as described with reference to any one of 
the accompanying figures. 

26. Receiving means or transmitting means comprising signal processing apparatus 
substantially as described with reference to any one of the accompanying figures. 

27. A mobile handset or a base station comprising signal processing apparatus 
substantially as described with reference to any one of the accompanying figures. 

28. A method of processing an input signal to produce an output signal, the method 
comprising the steps of signal amplification and frequency conversion, characterised by the 
step of introducing, between the steps of amplification and frequency conversion, a 
correction signal that is adapted to make the overall input and output characteristic of the 
signal processing method more linear. 

29. A method according to claim 28, comprising the step of using a feedback signal 
derived from the output signal of the signal processing method to adapt the correction 
signal. 
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30. A method according to claim 29, further comprising the step of introducing a pilot 
signal into the input signal prior to frequency conversion and amplification, wherein the 
feedback signal contains distortion components from the pilot signal produced by the 
frequency conversion means and/or the amplification means. 

31. A method according to claim 30, further comprising the step of removing the pilot 
signal from the output signal of the method by filtering or by introducing a pilot 
cancellation signal. 

32. A method according to claim 31. comprising the step of adjusting the pilot 
cancellation signal using feedback derived from the output signal of the signal processing 
method. 

33. A method according to any one of claims 28 to 32, wherein the correction signal is 
produced by a step of distorting the signal produced by whichever of the amplifying and 
frequency conversion steps precedes it. 

34. A method according to claim 33, wherein the step of distortion generation 
comprises the step of generating and controlling non-linearity components independently. 

35. A method according to any one of claims 28 to 34, further comprising the step of 
performing CDMA processing on the signals. 
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36. A method of signal processing substantially as described with reference to the 
accompanying figures. 

37. Signal processing means for altering an input signal to amplification means so as to 
counter an unequal intermodulation distortion (IMD) in the output signal and make the 
amplification means more linear. 

38. Signal processing means according to claim 37, comprising mixing means for 
mixing the input signal with itself, further mixing means in each of two parallel signal 
paths for receiving the resulting signal, one of the further mixing means mixing the 
resulting signal with the input signal and the other mixing the resulting signal with a phase 
shifted version of the input signal, one of the signal paths comprising filter means and/or 
delay means prior to the further niixing means and the signal processing means further 
comprising combining means for combining the outputs of the two signal paths to form a 
distortion signal which can be introduced to the input signal to alter it prior to the 
amplification means. 

39. A method of signal processing comprising the step of altering an input signal to 
amplification means so as to counter unequal IMD in the output signal of the amplification 
means. 

40. A method according to claim 39, comprising the steps of mixing the input signal 
with itself, and, in parallel, mixing the resulting signal with the input signal and a phase 
shifted version of the input signal, combining the signals resulting from the parallel mixing 
operations to create a distortion signal and introducing the distortion signal into the input 
signal to alter it prior to its amplification, the method characterised in that, prior to one of 
the parallel mixing operations, the signal is filtered and/or delayed. 
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Abstract 



Postdistorter and predistorter 



A non-linearity generator 104 operates on a signal between a frequency converter 100 and 
an amplifier 102 and acts as a postdistorter for the component it follows and as a 
predistorter for the component it precedes, thus linearising the overall input-output 
characteristic of the circuit. Cross modulation components distorting an injected pilot 
signal provide a feed back signal which is used to control the distortion applied by 
non-linearity generator. The non-linearity generator can be adapted to cope with widely 
spaced input tones. The circuit may form part of a transmitter or a receiver. 
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□ IMAGE CUT OFF AT TOP, BOTTOM OR SffiES 

□ FADED TEXT OR DRAWING 



SJ BLURRED OR ILLEGIBLE TEXT OR DRAWING 

□ SKEWED/SLANTED IMAGES 

□ COLOR OR BLACK AND WHITE PHOTOGRAPHS 

□ GRAY SCALE DOCUMENTS 

□ LINES OR MARKS ON ORIGINAL DOCUMENT 

□ REFERENCE(S) OR EXHIBIT(S) SUBMITTED ARE POOR QUALITY 

□ OTHER: _J 

IMAGES ARE BEST AVAILABLE COPY. 
As rescanning these documents will not correct the image 
problems checked, please do not report these problems to 
the IFW Image Problem Mailbox. 
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